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SUMMARY

p53 is a key tumor suppressor that is frequently mutated in human tumors. In this study, we
investigated how p53 is regulated in precancerous lesions prior to mutations in the p53 gene.
Analyzing esophageal cells in conditions of genotoxic stress that promotes development of
esophageal adenocarcinoma, we find that p53 protein is adducted with reactive isolevuglandins
(isoLGs), products of lipid peroxidation. Modification of p53 protein with isoLGs diminishes its
acetylation and binding to the promoters of p53 target genes causing modulation of p53-dependent
transcription. It also leads to accumulation of adducted p53 protein in intracellular amyloid-like
aggregates that can be inhibited by isoLG scavenger 2-HOBA in vitro and in vivo. Taken

together, our studies reveal a posttranslational modification of p53 protein that causes molecular
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aggregation of p53 protein and its non-mutational inactivation in conditions of DNA damage that
may play an important role in human tumorigenesis.

Graphical abstract
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In brief

Caspa Gokulan et al. describe a non-mutational mechanism of inhibition of p53 protein during
esophageal tumor progression through its adduction with active isolevuglandins. Adduction of
p53 leads to inhibition of its biological activity that can be prevented with isoLG scavenger,
2-hydroxybenzylamine.

INTRODUCTION

Certain human tumors are promoted by factors that are not normally considered to be
carcinogenic. One interesting example is esophageal adenocarcinoma (EAC).1 EAC is

the most common histological subtype of esophageal malignancy in the United States.

and many Western countries.? The unique etiology links EAC to gastroesophageal reflux
disease (GERD), a common digestive disorder that affects approximately 20% of the

adult population in North America and is considered to be one of the strongest risk

factors for EAC and Barrett’s esophagus (BE), a metaplasia that is prone to malignant
transformation.3# In GERD and BE patients, epithelial cells, which line the esophagus, are
exposed to gastric acid frequently mixed with bile. Among reflux components, hydrochloric
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acid and bile salts are the two most studied irritants responsible for pathological
consequences in the esophagus. Bile salts deserve special attention, as multiple studies
suggested that exposure of esophageal cells to these body metabolites is a significant
contributing factor to esophageal tissue injury and EAC.5 Studies of the esophageal
refluxates in GERD and BE patients have shown that esophageal cells are typically
exposed to a high concentration of bile salts that can reach up to the millimolar range.5-°
Hydrochloric acid and bile salts induce significant damage of the esophageal epithelial
lining and inflammation, which can further exacerbate tissue injury. Although the specific
molecular mechanisms of reflux-induced tumorigenesis remain poorly understood, one
important contributing factor is reflux-induced DNA damage. Several studies including ours
have found that acidic bile salts (ABS) induce reactive oxygen species (ROS) and strong
DNA damage that increases the mutation rate and promotes genomic instability.10-12 Due
to persistent DNA damage induced by reflux, EAC is characterized by high frequencies of
genomic alterations.13

Under DNA damage conditions, cells normally trigger a surveillance mechanism termed the
DNA Damage Response (DDR), which senses damaged DNA and engages various tumor
suppression mechanisms. One of the critical branches of the DDR is controlled by the

p53 tumor suppressor. This protein regulates cell-cycle progression and determines whether
cells proceed with DNA damage repair or undergo cell-cycle arrest or apoptosis. p53 tumor
suppressor is one of the most mutated proteins in human tumors. Mutations in the 7P53
gene commonly arise at late stages of the multistep tumorigenic process. In high-grade
esophageal dysplasia and EAC, frequencies of p53 mutations can reach 50%-70% of cases,
whereas in esophageal precancerous lesions, BE, and low-grade dysplasia, 7P53 mutations
are relatively rare.1%15 How p53 protein is regulated in precancerous conditions is largely
unknown.

Our recent studies revealed that exposure of esophageal cells to reflux components increases
levels of ROS leading to the formation of isolevuglandins (isoLG), products of lipid
peroxidation, that form multiple protein adducts in esophageal epithelial cells in GERD
patients.1® The entire spectrum of isoLG-affected proteins generated by reflux remains
currently unknown. Our preliminary screening analysis suggested that among adducted
proteins is p53 tumor suppressor.18 However, it is unclear how reflux-generated isoLGs
affect p53 or other adducted proteins.

IsoLGs are a family of -y-ketoaldehydes generated by free radical-induced peroxidation of
lipids. Several isoLG stereoisomers are also produced as byproducts of enzymatic reactions
catalyzed by cyclooxygenase 2.17 The interest in isoLGs originates from their highly
reactive nature. 1soLGs are able to adduct biomolecules with significantly greater avidity
than other reactive aldehydes.18 1soLGs can react with free amine group of lysine and other
amino acid residues to form covalent protein adducts and protein-protein crosslinks.18 A
better understanding of the biological role of isoLG protein adducts has only recently started
to emerge, but it is already clear that they have a broad pathological effect,19:20

In this study, we analyzed, how isoLGs affect the cellular DDR with a specific emphasis on
the p53 protein.
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Genotoxic effect of reflux

To investigate the regulation of the DDR in reflux conditions, we first explored DNA
damage in our experimental model of interest. We used non-transformed esophageal
epithelial cell lines CP-A, BAR-T, and EPC-2, which express wild-type p53 protein, and
were isolated from Barrett’s (CP-A, BAR-T) and normal squamous epithelium (EPC-2).

In order to reproduce effect of reflux /n vitro, these cells were exposed to acidic growth
medium (pH 4.0), supplemented with 100 uM bile salts cocktail (ABS) for 10 min and left
to recover as discussed in the STAR Methods section and previous publications.1112.16 The
composition, total bile salts concentration, and pH were selected based on clinical analyses
of the refluxates in GERD and BE patients.”8:11.21 Cells were then analyzed for DNA
damage using comet and -yH2AX phosphorylation assays. As a control, cells were treated
with DNA-damaging agent camptothecin (10 uM) for 10 min. Consistent with previous
reports, levels of DNA damage in ABS- and camptothecin-treated cells were found be
comparable (Figures 1A and 1B). ABS-induced DNA damage in EPC2 cells is shown in
Figure S1A.

To investigate DNA damage /n vivo, we used mice in which reflux was induced by
esophagojejunostomy as described in the STAR Methods section and Figure S1B. Using
immunohistochemistry with yH2AX antibody, levels of DNA damage were compared in
esophageal specimens collected from reflux mice and control animals with sham surgery
(seven mice/group) 2 weeks after recovery from surgery. Our analyses show that reflux
caused significant DNA damage (p < 0.001) in esophageal epithelium of reflux mice, but
not in sham controls (Figure 1C). Combined, our data show that reflux induces strong DNA
damage in vivoand in vitro.

Exposure of esophageal cells to reflux components affects p53 protein activity

Since p53 protein plays a key role in the regulation of the DDR and is known to be activated
by DNA damage,22 ABS-treated and control cells described above were analyzed for
expression of p53 protein. Our studies revealed that despite the presence of DNA damage,
p53 was not significantly affected by ABS, while camptothecin (or other DNA-damaging
drugs such as cisplatin and etoposide) strongly upregulated p53 protein suggesting that
ABS may affect the DDR and p53 (Figures 1D and 1E). These findings were consistent
with previous reports showing inhibition and downregulation of p53 by ABS.2324 To test
whether reflux components have an impact on other proteins induced by DNA damage, we
analyzed p73 protein, which has significant structural and functional similarities to p53.2° In
contrast to p53, DNA damage induced by ABS led to a strong upregulation of p73 protein
in the same cells, confirming a selective inhibitory effect of ABS on p53 (Figures 1D and
1E). To confirm that p73 plays a role in the regulation of p53 target genes in ABS-treated
cells, we assessed expression of COKN1A(p21)and BBC3(PUMA) mRNA in CP-A cells
stably transfected with either p73 small hairpin RNA (shRNA) or control shRNA. These
p53 target genes were selected based on their important role in the regulation of cell cycle,
apoptosis, and the DDR. Consistent with previous report,28 we found that inhibition of p73
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leads to significant decrease in mMRNA expression of these target genes, showing that p73 is
responsible in their upregulation (Figure S2A).

Thus, to assess the specific role of p53 and exclude effect of p73 protein, which is known

to transactivate the overlapping set of p53 target genes,2’ our analysis was conducted

in p73-deficient CP-A cells, (Figure 2A; upper panel). We used the RT?2 Profiler PCR

array, which includes 84 genes regulating the p53 signaling. We found that ABS has a
profound effect on the p53 pathway, significantly inhibiting expression of multiple genes

as shown on the heatmap (Figure 2A). We repeated this experiment in the presence of 2-
hydroxybenzylamine (2-HOBA), a scavenger of reactive isolevuglandins,28 which efficiently
reacts with isoLGs preventing their interaction with cellular biomolecules.?8:2% Treatment
with 2-HOBA recovered the transcription profile of the p53 signaling pathway, suggesting
that isoLGs are involved in the regulation of p53 (Figures 2A and S2B). Notably, we did not
find any effects of 2-HOBA on pH or other experimental parameters.

To further investigate regulation of p53 activity, we used PG13-Luc p53 luciferase reporter,
which contains several repeats of the p53 binding site within its promoter.30 As a control,
mutant p53 reporter MG15-Luc was used. Analyzing activity of endogenous p53 protein
with the dual-luciferase reporter assay, we found that ABS significantly inhibits p53 activity,
while 2-HOBA alleviates ABS-induced inhibition (Figure 2B).

To corroborate our findings, we analyzed binding of p53 protein to the promoters of p53
target genes, CDKN1A(p21) and BBC3(PUMA), using chromatin immunoprecipitation
(ChIP). ChIP analysis revealed that ABS robustly inhibit binding of p53 protein to the p53
target gene promoters, while isoLG scavenger 2-HOBA counteracts this inhibitory effect and
restore the promoter binding of p53 (Figure 2C). This inhibitory effect was further verified
using DNA affinity immunoblotting.3! Cellular extracts collected from ABS-treated and
control CPA cells were incubated with biotinylated DNA probes containing the p53 binding
sites from the p21(CDKN1A) and PUMA(BBC3) genes.32 The corresponding probes with
mutated p53 binding sites (n/s) were used as controls. Consistent with ChIP analysis, DAI
demonstrated that the specific DNA binding of p53 protein is suppressed in ABS-treated
cells (Figure 2D) and this inhibitory effect can be reversed by 2-HOBA treatment, which
efficiently restores the promoter binding of p53 (Figure 2D; compare lanes 4, 5, and 6).

We also used ChlP-sequencing (ChlP-seq) to assess the genome-wide effect of isoLG
adduction of p53. The next generation sequencing (NGS) plots show that 2-HOBA restores
the p53 binding in CP-A cells treated with ABS including that of the p22(CDKN1A)

and PUMA(BBC3) genes (Figures 2E and 2F). The recovery of DNA damage signaling
pathways by 2-HOBA was uncovered using gene ontology analysis (Figure 2G). These data
were also consistent with expression analysis of p21 and PUMA mRNA, which levels were
measured by gPCR in p73-deficient cells in the same experimental conditions (Figure 2H).
Collectively, our analyses demonstrate that isoLGs modulate DNA binding of p53 protein
and its transcription activity.
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IsoLGs form adducts with p53 protein

Given the highly reactive nature of isoLGs and their ability to form covalent protein
adducts, 18 we next explored whether isoLGs react with p53 protein in reflux conditions.
Using the p53 immunocapture kit (Abcam), p53 protein was immunoprecipitated from
CP-A and EPC2 cells treated with ABS alone or in combination with 2-HOBA.. The
immunoprecipitated p53 protein was then analyzed for isoLG adducts by western blotting
with D11 ScFv antibody. The D11 ScFv is a single-chain fragment antibody that

has been generated by screenings of phage-display libraries and tested to specifically
recognize isoLG-lysyl protein adducts (products of reaction of isoLG with lysine residues)
independently of surrounding protein amino acid sequences.1’ The gel loading was
normalized to the total amount of p53 protein detected with p53 (D01) antibody. We found
that ABS treatment significantly increases levels of p53-isoLG protein adducts, whereas 2-
HOBA significantly inhibits their formation (Figures 3A and 3B). Using the same approach,
p53 adduction with isoLG was further confirmed by treating of CP-A cells with chemically
synthesized isoLGs (0.5 pM), as described in the STAR Methods section. Similar to ABS,
synthetic isoLGs was found forming p53-isoLG adducts (Figure 3C).

These findings led us to another hypothesis. Since isoLGs react with lysine residues,18

the formation of p53-isoLG adducts may affect the lysine acetylation of p53 protein. This
question is particularly important because p53 acetylation at lysine residues is indispensable
for activation of p53.32 To test this hypothesis, acetylation of p53 protein was analyzed

in CPA and EPC2 cells by western blotting using the specific antibody recognizing
acetylated p53 at Lys382. Our studies found that despite DNA damage induced by ABS, p53
acetylation is not significantly increased compared with control untreated cells. This was
contrasted with camptothecin (CAMP), which strongly increased acetylation of p53 protein.
2-HOBA was found to reverse inhibitory effects of ABS and increases p53 acetylation

in conditions of ABS-induced DMA damage, suggesting that isoLG adduction may affect
acetylation of p53 protein (Figures 3D and 3E).

Next, we assessed whether isoLG adduction affects p53 biological activity. Since p53 is an
important regulator of the cell cycle that can induce G1/GO cell-cycle arrest,3* we performed
the cell-cycle analysis in CP-A treated with ABS. To assess the specific contribution of p53,
this analysis was conducted in control and p53-deficient CP-A cells, transfected with either
scrambled siRNA (scr siRNA) or p53 siRNA, respectively (Figure 3F). Consistent with data
shown above, we found that 2-HOBA leads to significant increase in G1/GO cell-cycle arrest
in p53-expressing cells, whereas it does not occur in p53-deficient cells, suggesting that
2-HOBA activates p53. Interestingly, when we repeat these experiments in cells treated with
camptothecin, 2-HOBA did not significantly increase p53 activity (Figure S3B), plausibly
reflecting differences in the levels of isoLG adduction in ABS- and CAMP-treated cells.

Taken together, we found that exposure of esophageal cells to ABS or chemically
synthesized isoLGs leads to posttranslational modification of p53 protein with isoLGs and
its inhibition.
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isoLGs affect subcellular localization of p53 protein

Accumulation of p53 protein in the nucleus is critically important for its transcription
function in conditions of cellular stress.3° To analyze how isoLGs affect the p53 subcellular
localization, we investigated p53 protein using immunofluorescence (IF) with p53 (D01)
antibody. We found that following treatment with ABS, p53 is localized to large intracellular
aggregates that are formed in the cytoplasm and nucleus of esophageal cells. Control
untreated cells showed diffuse p53 staining, primarily in the nucleus and no visible
aggregation. Similar to control cells, no visible p53 aggregates were observed in cells treated
with ABS in combination with 2-HOBA (Figure 4A).

To further analyze the subcellular distribution of adducted p53 protein, we performed
subcellular fractionation of CP-A cells using the Subcellular Protein Fractionation Kit
(ThermoFisher Scientific) and collected cytoplasmic and nuclear fractions after ABS
treatment. In each fraction, p53 was immunoprecipitated and analyzed for isoLG-adduction
with isoLGs using D11 antibody as discussed above. Our data confirmed that ABS treatment
causes adduction of p53 protein in the nuclear and cytoplasmic fractions, suggesting that p53
is inhibited in both compartments (Figure 4C).

The subcellular localization of p53 protein was also analyzed using the Duolink proximity
ligation assay (PLA), which has been used for analyses of protein interactions i sifu.36:37
This approach is based on detection of a fluorescence signal from two interacting

proteins when they are positioned close together. In this study, we used two primary
antibodies: p53(D01) and D11 ScFv, which recognize p53 protein and isoLG-lysyl adducts,
respectively. p53 protein adducts were found to be localized to granular aggregates in the
nucleus and cytoplasm (Figure 4B). No detectable isoLG and p53 positive aggregates were
found in control and ABS+2-HOBA-treated cells (Figure 4B). Additional PLA controls are
shown in Figure S4.

ABS and isoLGs affect p53 molecular conformation

Due to hydrophobic nature of isoLGs and their ability to react with proteins, they may alter
structural and functional properties of adducted proteins.38 Therefore, we next investigated
whether isoLGs affect structural characteristics of the p53 molecules. We took advantage

of the existing conformation-specific p53 antibody PAb 240 (Abcam), which recognizes

an evolutionary conserved epitope (aa 211-217) of the p53 protein, and used as a marker
for misfolded p53 protein.39 This epitope is normally hidden within the protein structure,
but exposed after changes in the tertiary structure of the p53 molecule. Lysates generated
from CP-A and EPC2 cells, which were treated with ABS alone or in combination with
2-HOBA, were spotted onto nitrocellulose membrane, washed, and incubated with two

p53 antibodies: PAb 240, which recognizes the hidden p53 epitope, and D01, which
recognizes a surface-exposed epitope at the N-terminus of the p53 protein.3 We found

that while D01 antibody detects p53 protein in ABS-treated and control untreated cells,

the conformation-specific PAb 240 antibody only recognizes p53 in ABS-treated cells
(Figures 5A-5C). Notably, 2-HOBA was found to prevent conformational changes in the
p53 molecule in CP-A and EPC2 cells, suggesting that ABS induces conformational changes
exposing the intramolecular PAb 240 epitope of p53 (Figures 5A-5C). The same conclusion
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can be drawn from western blot analyses of p53 in non-denaturing conditions. When p53
protein was analyzed on native blue gels (gradient 4%—12%),40 we found that p53 protein
forms high molecular weight aggregates, which are recognized by PAb 240 (Figure 5D)
or D01 antibodies (Figure S3C). Their molecular weights were found to be higher than
p53 monomers, dimers, or tetramers present in untreated cells. High molecular weight p53
protein aggregates were also found in the CP-A cells treated with ABS and isoLGs and
analyzed using p53(D01) antibody and SDS-PAGE (Figures S5A and S5B). No protein
aggregates were found in cells treated with ABS in combination with 2-HOBA.

Protein aggregation may affect physicochemical properties of the p53 molecules. Indeed,
our previous studies have shown that ABS treatment significantly reduces solubility of
p53 protein.*1 As a result, the p53 protein was found to be accumulated in the insoluble
cellular fraction that was generated by centrifugation of total cell lysates at 16,000 x g for
20 min. The scheme illustrating the collection of soluble and insoluble cellular fractions
is shown Figure S1C. 2-HOBA decreased accumulation of p53 protein in the insoluble
fraction, suggesting that this process is mediated by isoLGs (Figure S1D). Interestingly,
inhibition of ROS or COX2, which are responsible for isoLG generation, with N-Acetyl
L-Cysteine (NAC), Tempol, and NS-398 (10 uM) were also effective in maintaining p53
protein solubility (Figures S3D and S3E). However, 2-HOBA treatment was more potent
than that of other inhibitors, plausibly because 2-HOBA directly scavenges isoLGs, while
others drugs inhibit upstream regulators of isoLGs ROS and COX2.

Reflux causes the formation of amyloid-like aggregates

To further investigate the formation of p53 aggregates, we used the ProteoStat molecular-
rotor dye that undergoes a fluorescent enhancement upon binding to aggregates.*? We
reproducibly observed a strong ProteoStat signal in esophageal cells treated with ABS
(Figure 5E) that is co-localized with p53 protein detected with p53(D01) and p53(PAb 240)
immunostainings in CP-A cells (Figures 5E and 5F). The same co-localization was also
observed in EPC-2 cells (Figure 5G). 2-HOBA efficiently suppressed protein aggregation
and PAb 240 immunostaining induced by reflux (Figures 5E-5G).

To characterize the type of aggregates produced by isoLG adduction, we used amyloid
fibrils OC antibody (Millipore), which recognizes generic epitopes common to many
amyloid fibrils and oligomers.#3 An increased formation of amyloid-like aggregates

in ABS-treated cells was detected with dot blot technique (Figures 6A and 6B) and
immunofluorescence with PAb 240 antibody (Figure 6C), revealing that p53 protein is
co-localized with amyloid-like aggregates. Inhibition of isoLGs with 2-HOBA prevented the
formation of amyloid-like aggregates positive for p53 (Figure 6C).

To investigate aggregation of p53 protein /n vivo, we used esophageal specimens collected
from mice in which reflux was induced by esophagojejunostomy. The experimental design is
shown in Figure 7A. Using OC antibody, protein aggregates were revealed in esophageal
epithelium of reflux mice, but not sham control animals and were co-localized with
misfolded p53 protein, which was detected with p53(PAb 240) antibody in nucleus and
cytoplasm in the same tissues (Figure 7B). Treatment of animals with 2-HOBA in drinking
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water (8 mM) for 10 days hindered accumulation of protein aggregates and misfolded p53
protein (Figures 7B, 7C, and S5C).

To analyze whether p53 misfolding occurs in human tissues, we analyzed esophageal

tissues of healthy individuals and patients with GERD and BE. Esophageal tissues

collected from human patients with EAC served as a positive control (Figure S5D). Using
immunofluorescence with p53(PAb 240) antibody, we found that misfolded p53 protein was
present in 6 of 10 (60%) GERD and BE patients. However, intensity of p53 staining was
significantly lower in esophageal tissues collected from BE patients. Specimens collected
from healthy subjects (n = 7) did not show significant positive staining (Figure 7D). Taken
together, our studies revealed that reflux components promote p53 misfolding /in vitroand in
vivo in the murine and human esophagi.

DISCUSSION

Our studies provide evidence that p53 protein is modified with reactive isolevuglandins.
Adduction of p53 protein with isoLGs interferes with the p53 binding to the promoters of its
target genes and modulates p53-dependent transcription and biological activity. Our studies
also revealed that isoLGs facilitate the formation of p53 protein aggregates that produce
large intracellular granular structures with amyloid-like properties. Another interesting
finding is that 2-HOBA, which is an isoLG scavenger but not an antioxidant,** is able

to inhibit aggregation of p53 protein and restore its activity.

It has been previously reported that p53 protein is misfolded in several types of tumors
forming amyloid aggregates.*>~47 p53 mutations or other factors were found to destabilize
the native protein structure allowing p53 to aggregate. In our experiments, we used non-
transformed cell lines, which express functional wild-type p53. These studies demonstrate
that misfolding of p53 and its aggregation can occur without mutations and is driven by
isoLG protein adduction. We detected misfolded p53 in esophageal cells in vitro, reflux
animals, and human GERD and BE patients showing that p53 is inhibited in cancerogenic
conditions associated with esophageal reflux.

Using D11 ScFv antibody, which recognizes isoLG-lysyl adducts essentially independent
of adjacent amino acid residues,*8 we showed that lysine residues on the p53 molecule are
adducted with isoLGs. It is plausible that posttranslational modification of lysine residues
with isoLGs may interfere with their proper acetylation, which is required for full activation
of p53. Consistent with this notion, our data show that ABS inhibits acetylation of p53 at
lysine residues even in conditions of DNA damage induced by ABS and this process is
prevented by isoLG scavenger 2-HOBA. These findings are also consistent with previous
reports showing inhibition of p53 by bile salts.23:24

Interestingly, despite significant structural and functional similarities between p53 and p73
proteins, they show different sensitivity to isoLG adduction. While p73 is known to be
induced and activated by ABS,26 p53 is adducted and inhibited. Further studies are needed
to investigate the nature of these differences.
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In our study, we investigated reflux, as a model for isoLG protein adduction. It was
previously shown that acid and bile salts induce ROS, lipid peroxidation, oxidative stress,
and activation of the COX2 pathway. These factors are plausibly responsible for production
of isoLGs in GERD conditions. Reflux has also a genotoxic/mutagenic effect.10:49-53
Although the entire spectrum of reflux-induced DNA lesions is currently unknown, it has
been shown that the exposure of esophageal cells to ABSs promotes the formation of
single-, double-strand breaks, oxidized and nitrated DNA, resulting in highly cytotoxic and
mutagenic effects.2 Our current studies show that reflux not only induces DNA damage but
also inhibits/modulates the p53 response required for an appropriate resolution of genotoxic
stresses. This occurs due to adduction of p53 protein with isoLGs that can be prevented
with 2-HOBA. Yet, we cannot exclude that besides p53, which is the main of focus these
studies, adduction of other proteins may contribute to inhibition of the DDR. We also cannot
exclude that other reactive aldehydes may contribute to p53 inhibition.>#:5° Further studies
are needed to elucidate their relative contribution.

p53 mutations are rarely found in GERD and BE patients, implying that non-mutational
inactivation of p53 by isoLGs occurs during early stages of neoplastic transformation that
may lead to accumulation of tumorigenic alterations caused by reflux in the esophagus.>®

Our data also suggest that p53 adduction may not limited to the esophagus. p53 may

be adducted in other cancer types or other diseases that are characterized by free radical-
induced peroxidation of lipids and activation of the COX2 pathway.1%:20 Indeed, one such
example is Helicobacter pyloriinfection that is considered to be one of the strongest risk
factors for gastric cancer. It has been recently reported that gastric infection with H. py/lori
is characterized by strong induction of ROS and isolevuglandins in the stomach.5” In our
studies, we investigated p53 protein adduction in gastric epithelial cells (GES-1 and SNU-1
cell lines) co-cultured with AH. py/ori tumorigenic strain 7.13.58 We found that H. pylori
infection results in adduction of p53 protein with isoLGs that can be inhibited with isoLG
scavenger 2-HOBA (Figure S3A). Further studies are needed to elucidate this mechanism.

In summary, this study demonstrates inactivation and aggregation of p53 protein by

isoLG adduction that may potentially lead to carcinogenic alterations. This process can

be prevented by isoLG scavenger, 2-HOBA, that efficiently inhibits the formation of isoLG
protein adducts and restores p53 (Figure 7E).

Limitations of the study

We demonstrated the mechanism of inhibition of p53 mediated by isoLG adduction.
However, we cannot exclude contribution of other reactive aldehydes, which may also
inhibit p53. Another limitation of our studies is a relatively small number of analyzed human
specimens that need to be increased in the future.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Prof. Alexander Zaika
(axz353@med.miami.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. All data supporting the findings of this study are available within the main
manuscript and the supplementary files provided. The ChIP-seq data is available
on NCBI Sequence Read Archive (SRA) with the accession details provided in
the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples—The human tissues were obtained from the de-identified tissue blocks
from the Department of Pathology, University of Miami after getting clearance from the
University of Miami ethics approval committee (No: 20210591).

Murine samples—Esophagojejunostomy was performed on 6-week-old 129/SV mice
according to the protocol approved by the University of Miami Animal Care and Use
Committee26. Both male and female mice were used in this study.

METHOD DETAILS

Cell lines—BAR-T and CP-A cells were isolated from human Barrett’s esophageal
epithelium and EPC-2 cells were derived from human normal esophagus. CP-A cell line
was purchased from ATCC (Manassas, VA), Dr. Souza (Baylor University Medical Center,
Dallas) kindly gifted BAR-T (h-TERT immortalized human Barrett’s esophageal cells)
and EPC-2 cells were provided by Dr. Claudia Andl (University of Central Florida, FL).
Morphology, karyotyping and PCR-based approaches were used to confirm the identity of
cell lines. Both cell lines were cultured in keratinocyte media (SFM) supplemented with
1.0 ng/ml epidermal growth factor, 40 pg/mL bovine pituitary extract (Life Technologies,
Carlsbad, CA), and 5% fetal bovine serum.

Human immortalized gastric epithelial cell line, GES-1 was a gift from Dr. El-Rifai
(University of Miami), and human gastric epithelial cancer cell line SNU1 was purchased
from ATCC (Manassas, VA). Cells were grown in RPMI (GES1) media or Ham’s F12
(SNU1), supplemented with 10% Fetal Bovine Serum (Thermo Fisher Scientific, Waltham,
MA) at 37°C in a humidified atmosphere containing 5% of CO».
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Treatment with acidic bile salt cocktail (ABS), IsoLGs and 2-HOBA. Co-culture
with H. pylori—ABS was prepared with 20 UM equimolar mixture of glycodeoxycholic,
glycochenodeoxycholic, glycocholic, taurocholic, and deoxycholic sodium salts (Sigma-
Aldrich, St. Louis, MO). The total bile salt concentration was 100 uM. The ABS cocktail
was diluted in Dulbecco’s modified Eagle’s media (Life Technologies, Carlsbad, CA) and
pH was adjusted to 4.0.

ABS treatment was done as follows: CP-A, BAR-T and EPC-2 cells were treated with ABS
for 10 min. After incubation with ABS, acidic medium was removed by washing with fresh
media and cells were incubated in keratinocyte SFM media for an additional 8 hours.

IsoLG treatment was done as follows: CP-A and EPC-2 cells were incubated with
keratinocyte SFM media containing chemically synthesized isoLGs (provided by Dr.
Boutaud, Vanderbilt University, TN) at a concentration of 0.5 uM for 1 hour. The cells
were collected for analysis immediately after treatment. The IsoLG scavenger 2-HOBA
and COX-2 inhibitor NS-398 were from Cayman Chemical Company (Ann Arbor, MI).
NAC (N-acetylcysteine) and TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperydine-1-oxyl)
were purchased from Sigma-Aldrich, St. Louis, MO, and Enzo Biochem, Farmingdale, N,
respectively.

Cells were pre-treated with 2-HOBA, 4-HOBA, NAC, TEMPOL, NS-398 for 1 hour at a
final concentration of 20 uM. Drugs were removed by washing with fresh media, and treated
with ABS or isoLGs as discussed above. After treatment with ABS, the culture media were
reconstituted with 2-HOBA.

p53 protein was immunoprecipitated using the p53 human immunocapture kit (Abcam,
Cambridge, MA; cat# AB154470) and analyzed by Western blotting with D11 scFv
antibody. The analyzed membranes were stripped with the Restore™ Western Blot Stripping
Buffer (ThermoFisher Scientific, Waltham, MA) for 1 hour at 50°C, blocked with 5%
nonfat dried milk, and re-blotted with p53 (D0-1) antibody (Millipore, Burlington, MA; cat#
OP43).

Gastric epithelial cells were co-culture with H. pyloristrain 7.13 for 24 hours and analyzed
for p53 protein adduction,>9.60

Comet assay—To determine levels of DNA damage, comet assay was performed in
alkaline conditions. Briefly, 3000-5000 cells were mixed with LM Agarose (Trevigen,
Gaithersburg, MD) and allowed to solidify on flare comet slides (Trevigen, Gaithersburg,
MD) at 4°C. Then, the slides were incubated in lysis buffer for 2 hours at 4°C.
Electrophoresis was performed on slides in alkaline conditions. After washing, the slides
were fixed with 100% cold ethanol, stained with ethidium bromide, and visualized with
fluorescence microscope (Olympus, Pittsburg, PA). A minimum of 50-70 cells were
analyzed using the Open Comet software.

RNA extraction, Quantitative-PCR and focus array—Total RNA was extracted
using the RNeasy Mini Kit (QIAGEN Inc., Germantown, MD, USA) according to the
manufacturer’s protocol. The reverse transcription was performed using High-Capacity
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cDNA Reverse Transcription Kit as described by the manufacturer (Applied Biosystems,
Foster City, CA). Quantitative PCR was performed using the iCycler (Bio-Rad, Hercules,
CA).30 Each sample was assayed in triplicate and data were normalized to the housekeeping
gene HPRT (hypoxanthine guanine phosphoribosyl transferase). The conditions for thermal
cycling included an initial heat-denaturing step at 95°C for 3 min, followed by 30 cycles at
95°C for 10 s and 60°C for 30 s.

The mRNA expression profiles of the p53 signaling pathway genes were analyzed in p73
deficient CP-A cells using the RT2 Profiler PCR Array, Human p53 signaling pathway
(QIAGEN Inc., Germantown, MD, USA). Eighty-four key genes regulating the p53
signaling pathway were assessed. The results were analyzed at GeneGlobe Data Analysis
Center provided by Qiagen Inc. (QIAGEN Inc., Germantown, MD, USA).

Luciferase reporter assay—To determine the integral transcription activity of the p53
family, CPA cells were co-transfected with a reporter (pRL-TK) expressing the Renilla
luciferase and either PG13 or MG15 reporter plasmids at a molar ratio of PG13/MG15 to
(pRL-TK) = 9:1 for 24 h. Cells were next treated with 100 pM (ABS) and 20 uM (2-HOBA).
Results were normalized to Renilla luciferase activity. The results were averaged from three
independent experiments and expressed as mean values xstandard deviation (SD).

DNA affinity immunoblotting (DAI)—DAI was performed in CP-A esophageal cell.30
In brief, treated or untreated cells were collected after 8 hours of treatment, lysed (500

ug of total protein) and incubated with 20 ng of 5’-biotinylated DNA probes for 30 min

at room temperature. DNA-protein complexes were precipitated with NeutrAvidin agarose
beads (ThermoFisher Scientific, Waltham, MA), washed, eluted and analyzed by Western

blotting with p53 (D0-1) antibody (Millipore, Burlington, MA; cat# OP43).

Chromatin immunoprecipitation (ChIP) and ChlIP-seq analysis—ChIP was
performed in CP-A cells according to the manufacturer’s protocol (Magna ChIP A/G Kit;
Millipore, Burlington, MA) with mouse nonspecific IgG as a control. The samples were
collected after 8 hours of ABS treatment. The cells were fixed with formaldehyde and
sonicated on ice. The chromatins were then immunoprecipitated with p53 (D0-1) antibodly.
The antibody-bound complexes were isolated using beads, crosslinked at 65°C for 30 min,
and analyzed for p53 target genes by gPCR. The ChlP-seq analysis was done in CP-A cells
treated with ABS alone and ABS with 2-HOBA. The three different experimental samples
were pooled for ChIP-sequencing and rabbit polyclonal p53 antibody (A300-247A; Bethyl
Laboratories Inc, Montgomery, TX) was used. The ChIP sequencing was done according to
the manufacturer’s protocol (Active Motif, Carlsbad, CA). All ChIP-seq data generated in
this study were analyzed according to the following methodology: The quality of these fastq
files were checked with FastQC (ver0.11.4) and MultiQC (verl1.7). Alignment of the single
end raw reads to hg 38 UCSC genomes was performed using BWA aligner (ver0.7.17).

The p53 binding peaks were called from MACS2 (ver2.1.1) against mock sample as input
control. The differential peaks were produced from DiffBind (ver1.20). The ChIPseq quality
control was performed with ChIPQC (verl1.18.2). The peaks were annotated with goldmine
(verl.0). Genome peak profiles where visualized using UCSC Genome Browser (https://
genome.ucsc.edu/). The bed files from up-regulated peaks (at least 1.5-fold increase) were
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used as inputs for GREAT online tool for GO Biological Process activation analysis. The
common pathways with the HyperFdrQ value in both samples less than 0.05 were obtained
for plotting. The bed files from down-regulated peaks (at least 1.5-fold reduction) were used
as inputs for GREAT online tool for the GO Biological Process suppression analysis. NO
enrichment results were obtained for these samples.

Dot blot analysis—Dot blot analysis was performed in CP-A and EPC-2 cells to
investigate conformation changes in the p53 molecule. Two microliters of a protein sample
were applied to a nitrocellulose membrane, dried, blocked with 5% nonfat dried milk

for 1 hour and incubated overnight with primary antibodies at 4°C. After incubation,
membranes were washed three times with PBS and then incubated with the respective
secondary antibodies for 1 hour at room temperature, washed and developed with ECL
chemiluminescence kit (Millipore, Burlington, MA).

Native PAGE—Cells were rinsed with ice-cold PBS and lysed using lysis buffer (50 mM
Tris-HCI pH 7.4, 150 mM NacCl, 10% glycerol, protease inhibitors). The cell lysates were
mixed with loading dye (240mM Tris, 30% glycerol and 0.02% Coomassie R-250) and
loaded onto native 4-12% Bis-Tris gradient gels. Electrophoresis was performed using a
running buffer containing 25mM Tris, 190mM Glycine, and 0.02% Coomassie R-250 in

the cathode buffer for 120 mins at 4°C. The protein marker bands were cut, fixed with 8%
acetic acid for 20 min and stained with Coomassie R-250 to show molecular-weight markers
(NativeMark, Invitrogen, Carlsbad, CA). Proteins were transferred to P\VDF membranes,
blocked with 5% nonfat dried milk, and analyzed with p53 antibodies.

Immunofluorescence and protein aggregation—Cells growing on chamber slides
were fixed with methanol and acetone mixture at a 1:1 ratio (v/v), permeabilized with

0.1% Triton X-100 and blocked with 10% normal goat serum (Life Technologies, Carlsbad,
CA). The fixed cells were incubated with the primary p53 (D01; 1:300) antibody in a
humidified chamber overnight at 4°C and the secondary antibody conjugated with FITC
(Invitrogen, Carlsbad, CA) for 1 hour at room temperature. After washing with PBS, the
cells were mounted using DAPI-containing media (ThermoFisher Scientific, Waltham, MA)
and examined under a fluorescence microscope.

For co-localization analysis of p53 protein with amyloid fibrils, cells were incubated with
a mixture of p53 (D0-1; 1:300) and amyloid fibrils (OC; 1:500) antibodies overnight at
4°C. Then, cells were incubated with a mixture of two secondary antibodies, conjugated
with FITC to detect p53 protein and Alexa Fluor 568 to detect amyloid fibrils (Invitrogen,
Carlsbad, CA)for 1 hour at room temperature. The cells were mounted with DAPI-
containing media and examined under a fluorescence microscope.

Protein aggregation was assessed using ProteoStat aggregation dye (Enzo Life Sciences,
Farmingdale, NY). The analyzed cells were incubated with p53 (D01) or p53 (Pab240)
antibodies overnight at 4°C, followed by incubation with the corresponding secondary
antibodies conjugated with FITC (Invitrogen, Carlsbad, CA) for 1 hour at room temperature.
Then, cells were incubated with ProteoStat dye (1:10000) for 30 mins at room temperature,
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washed with PBS and mounted with DAPI-containing media. The cells were examined
under a fluorescence microscope.

Subcellular fractionation and cell cycle analysis—Cytoplasmic and nuclear
fractions were collected according to the protocol provided with the Subcellular

Protein Fractionation Kit (ThermoFisher scientific, Waltham, MA). P53 protein was
immunoprecipitated and analyzed for the formation of isoLG adduction using D11 antibodly.
CP-A cells transfected with either p53 siRNA or scrambled siRNA, were treated with ABS
alone or in combination with 2-HOBA and analyzed 24 hours after treatment. Cells were
fixed with 70% ethanol overnight at —20 C, washed with ice-cold PBS and analyzed by
FACS using PI/RNase buffer according to the manufacturer’s protocol (BD Biosciences,
Franklin Lakes, NJ). The cell cycle histograms were generated using FCS express 7.0
software.

Animal model of reflux and immunohistochemistry—The DNA damage was
assessed in the esophageal tissues collected from surgery mice (n = 7) and control mice with
sham surgery (n = 8) using immunohistochemical staining with p-H2AX antibody (1:500).
All animal studies have been approved by the University of Miami Animal Care and Use
Committee. To investigate misfolding and aggregation of p53 /n vivo, immunohistochemical
staining was performed using p53 (PAb 240; 1:100) antibody. p53 protein misfolding was
compared in esophageal tissues collected from surgical mice and control mice with sham
surgery. The intensity of staining was graded as 0 (negative), 1 (weak), 2 (moderate) or 3
(strong). Total scores were calculated by multiplying the intensity score by the percentage of
positive cells. As a negative control, primary antibody was omitted.

Analysis of protein aggregation in human tissues—The human esophageal
specimens from healthy adults (n = 7) and GERD and BE patients (n = 10) was used to
investigate the p53 aggregation. Immunofluorescence staining was done with p53 (pab240)
antibody. The esophageal adenocarcinoma tissues were used as positive controls. The
intensity of staining was graded as 0 (hegative), 1 (weak), 2 (moderate) or 3 (strong).

The percentage of positive cells was used to grade the staining frequency. Total scores
were calculated by multiplying the intensity score by the percentage of positive cells. As a
negative control, primary antibody was omitted.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments had a minimum of three independent repeats. Each experiment produced
similar results with low variability between experiments. Statistical analyses were performed
using 1-way ANOVA followed by Tukey’s multiple comparison test, Mann-Whitney test and
2-tailed Student’s t-test, depending on the dataset. Results are expressed as mean + SD, if
not specifically indicated. Results were considered significant if p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Active isolevuglandins react with p53 protein to form adducts

Adduction causes conformational changes in p53 and amyloid-like
aggregation

Adduction of p53 protein leads to alteration of its biological activity

IsoL G scavengers inhibit adduction of p53 and restore its function

Cell Rep. Author manuscript; available in PMC 2023 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gokulan et al. Page 21

A CP-A B
CP-A
Control ABS CAMP Oy ———
o Q i P
£ 40~ », &L & = | |
o
£ 30 & ® & 53 Taler
= 2 . — — pH2AX T 2
£ 10 (5138) 5 T2+
il . — — — H2AX =m.F
0] s ettt b 15HOT— i £,
] Lf-
& @ & " &
G o Yé’
¥ ¥
BAR-T o
BAR-T
Contrel ABS CAMP 60y e .
- G |1
= 5
40
£ <Xy N
20 £35s
e 5%,
04 8=
E-p] M-
55
0d
& &
c & < o‘gg
Surgery End of experiment
g
£, &
i

Control Esophagojejuncstomy

1330 i
2 .
£ 20
%1
3
T
o

50 kna—|-._-. - i < ps3

TR . M — ¢ P70
oy v im— P73

[ ——— ¢ Actin
37KDam— |
2 ] )
- SE — S 'E.E sy £
E8s 58 = £3 23 i s
as ndl ig &
832 : 53 3] 23
= B = H = + -
ST, L 55 55 i 52
'QE —am— s E LEH e 2E1] eee
5é - £s = g5
o T T T 0 T T T = T T T 3 ol
2 L& Q
& S & @ 8 & & & & &

Figure 1. Induction of DNA damage by reflux
(A) Analysis of DNA damage by comet assay in CP-A and BAR-T cells. Cells were treated

with 100 uM bile salts cocktail, pH 4.0 or 10 uM camptothecin (CAMP) for 10 min and
analyzed for DNA damage 8 h after treatment. Representative images are shown (scale bar,
5 um). Graph shows the comet tail moment analysis (control versus ABS, ***p < 0.001;
control versus CAMP, ***p < 0.001; n = 3; Mann-Whitney test).
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(B) The same as (A) but DNA damage was assessed by western blotting with p-H2AX
antibody (control versus ABS, ***p < 0.001; control versus CAMP, ***p < 0.001; n = 3;
Tukey’s multiple comparison).

(C) Representative images of immunohistochemical staining for p-H2AX in esophageal
tissues collected from sham control mice (n = 8) and ones with esophagojejunostomy (n

= 7). Significant increase of H2AX protein phosphorylation was observed in esophageal
tissues collected from animals with reflux compared with sham controls (***p < 0.001;
Tukey’s multiple comparison). Scale bar, 10 um.

(D) Western blot analyses of cell extracts collected from CP-A cells treated with ABS or
CAMP, as discussed in the Results section. In contrast to p53 protein, levels of p73 were
higher in ABS- and CAMP-treated compared with control untreated cells (control versus
ABS, ***p < 0.001, control versus CAMP, ***p < 0.001; n = 3).

(E) The same as (D) but BAR-T cells were analyzed (p53 control versus ABS, **p <

0.01; control versus CAMP, ***p < 0.001 and p73 control versus ABS, ***p < 0.001;
control versus CAMP, ***p < 0.001). Expression of p53 and p73 proteins were analyzed by
densitometry. Expression levels in control untreated cells were arbitrarily set at 1. All results
are expressed as mean + SD. See also Figure S1.
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Figure 2. Acidic bile salts inhibit activity of p53
(A) Analysis of the p53 signaling pathway by PCR focus array in p73-deficient CP-A cells.

The heatmap represents mRNA expression of 84 genes regulating the p53 signaling pathway
(n = 3). Upper panel shows expression of p73 and p53 proteins.

(B) Analysis of p53 transcription activity in CP-A cells using the dual-luciferase reporter
assay. PG13-Luc and control MG15-Luc p53 reporters were used. The endogenous p53
activity was significantly reduced by ABS treatment (control versus ABS, **p < 0.01) and
2-HOBA prevents effect of ABS (ABS versus 2-HOBA, **p < 0.01).
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(C) ChIP analysis of p53 binding to the promoters of the COKN1A(p21) (control versus
ABS, **p < 0.01; ABS versus ABS+2-HOBA, **p < 0.01) and BBC3(PUMA) (control
versus ABS, ***p < 0.001; ABS versus ABS+2-HOBA, **p < 0.01) genes in CP-A cells
treated with ABS alone or in combination with 2-HOBA (n = 3; Student’s t test). The
non-specific immunoglobulin (Ig)Gs were used as negative controls.

(D) DAL analyses of the p53 protein binding to the promoters of its target genes,
CDKN1A(p21) (control versus ABS, **p < 0.01; ABS versus ABS+2-HOBA, **p < 0.01)
and BBC3(PUMA ) (control versus ABS, ***p < 0.001; ABS versus ABS+2-HOBA, ***p <
0.001; n = 3; Tukey’s multiple comparison; n/s, non-specific DNA probe). Binding of p53
protein in control cells was arbitrarily set at 1.

(E) Next generation sequencing (NGS) plot shows ChlP-seq binding profile in ABS and
ABS+2-HOBA treated CP-A cells. TSS, transcription start site.

(F) ChlP-seq binding peaks in ABS- and ABS+2-HOBA-treated CP-A cells.

(G) The gene ontology analysis of biological processes using the aforementioned ChlP-seq
data.

(H) Real-time gPCR analysis of p21 and PUMA mRNA expression in p73-deficient CP-A
cells treated with ABS. Levels of p21 and PUMA mRNAs were decreased after ABS
treatment, p21 mRNA (control versus ABS, ***p < 0.001) and PUMA mRNA (control
versus ABS, **p < 0.01), whereas 2-HOBA prevented the effect of ABS treatment (n = 3;
Student’s t test). Expression of p53 mRNA in untreated cells was arbitrarily set at 1. All
results are expressed as mean + SD. See also Figure S2A.
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Figure 3. Acidic bile salts increase the formation of isoLG-p53 adducts
(A) p53 protein was immunoprecipitated from CP-A cells and analyzed for adduction of

p53 protein with D11 scFv antibody by western blotting. ABS treatment increases levels of
isoLG-p53 protein adducts, while 2-HOBA counteracts this effect by preventing the isoLG
adduction of p53 protein (n = 3; Tukey’s multiple comparison) at 8 h (control versus ABS,
***p < 0.001; ABS versus ABS+2-HOBA, ***p < 0.001) and 21 h (control versus ABS,
***p < 0.001; ABS versus ABS+2-HOBA, ***p < 0.001). Levels of isoLG: p53 adducts
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was normalized to total levels of p53 protein, which were analyzed with p53(D01) antibody.
Levels of p53 protein adduction in control cells was arbitrarily set at 1.

(B) The same as (A) but the p53 protein adduction was analyzed in EPC-2 cells at 8 h
(control versus ABS, ***p < 0.001; ABS versus ABS+2-HOBA, ***p < 0.001) and 21 h
time points (control versus ABS, ***p < 0.001; ABS versus ABS+2-HOBA, ***p < 0.001)
after treatment.

(C) CP-A cells were treated with 0.5 uM synthetic isoLGs and analyzed for the adduction of
p53 protein (control versus isoLG, **p < 0.01; isoLG versus isoLG+2-HOBA, **p < 0.01; n
= 3; Tukey’s multiple comparison).

(D) Analyses of p53 protein acetylation in CP-A cells by western blotting with antibody
recognizing acetylated p53 at Lys382 (control versus ABS, ***p < 0.001; ABS versus
ABS+2-HOBA, ***p < 0.001; n = 3; Tukey’s multiple comparison).

(E) The same as (D) but acetylation of p53 protein was analyzed in EPC-2 cells (control
versus ABS, ***p < 0.001; ABS versus ABS+2-HOBA, ***p < 0.001; n = 3; Tukey’s
multiple comparison).

(F) Cell-cycle analysis in CP-A cells transfected with either p53 siRNA or scrambled siRNA
and treated with ABS alone or in combination with 2-HOBA. Cell cycle was analyzed by
flow cytometry and compared between groups (scr sSiRNA: ABS versus ABS+2-HOBA, **p
< 0.01; p53 siRNA: ABS versus ABS+2-HOBA; NS, not significant; n = 3; Tukey’s multiple
comparison). All results are expressed as mean + SD.
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Figure 4. p53 adduction leads to p53 protein aggregation
(A) Representative images of p53 protein aggregates in CP-A cells (scale bar, 5 um).

Immunofluorescence staining was performed with p53(D0-1) antibody in cells treated with
ABS alone or in combination with 2-HOBA. 2-HOBA prevented aggregation of p53 protein
(n=3).

(B) Representative images of Duolink PLA in CP-A cells treated with ABS. PLA was
performed using DO-1 and D11: E-tag primary antibodies (scale bar, 5 pm). The isoLG-p53
adducts were detected in large cellular aggregates in cells treated with ABS. The adduct-
specific PLA signals were not observed in cells treated with 2-HOBA (n = 3).

(C) p53 protein adduction was analyzed in the cytoplasmic and nuclear fractions of CP-A
cells after ABS treatment for 8 h. Equal amount of total protein (10 ug) was loaded in each
well. Bottom panel shows experimental inputs.
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Figure 5. ABS treatment causes conformation change of the p53 protein molecule
(A) Dot blot analysis of CP-A cell extracts using D01 antibody.

(B) The same as (A) but p53 (PAb 240) antibody was used. Staining was higher in cells
treated with ABS than in control or 2-HOBA-treated cells (***p < 0.001; n = 3; Tukey’s
multiple comparison).

(C) The same as (B) but EPC-2 cells were studied (ABS versus ABS+2-HOBA, ***p <
0.001; n = 3; Tukey’s multiple comparison).

(D) Native blue PAGE demonstrates misfolding and aggregation of p53 protein in CP-A
cells collected after treatment with ABS. The graph shows the densitometric measurement
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of p53 aggregation detected by p53 (PAb 240) antibody (control versus ABS, ***p < 0.001;
ABS versus 2-HOBA, ***p < 0.001; n = 3; Tukey’s multiple comparison). Aggregated p53
proteins are indicated by a red box. Protein expression in control cells was arbitrarily set at
1.

(E) Representative images show co-localization of p53 protein with ProteoStat-positive
aggregates (scale bar, 5 um). p53 was analyzed with p53(D0-1) and ProteoStat dye was used
to identify protein aggregates in CP-A cells treated with ABS alone or in combination with
2-HOBA (n = 3).

(F) The same as (E) but PAb 240 antibody was used for detection of misfolded p53 protein
(scale bar, 5 um).

(G) The same as (F) but the p53 misfolding was analyzed in EPC-2 cells. All results are
expressed as mean £ SD.
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Figure 6. 1soLGs form amyloid-like p53 aggregates
(A) Dot blot analysis of CP-A cell extracts using anti-amyloid OC antibody. Protein

aggregation levels were found to be higher in CP-A cells treated with ABS than in control
untreated cells (***p < 0.001; n = 3; Tukey’s multiple comparison). 2-HOBA prevented
amyloid aggregation (***p < 0.001; n = 3; Tukey’s multiple comparison).

(B) The same as (A) but the formation of amyloid aggregates was analyzed in EPC-2 cells.
(C) Representative images of co-localization of p53 protein with amyloid fibrils detected
with anti-amyloid OC antibody in CP-A cells (n = 3) (scale bar, 5 um). All results are
expressed as mean £ SD.
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Figure 7. 1soLGs induce misfolding of p53 protein in vivo
(A) The schematic representation of animal experiment.

(B) Representative images of p53 protein co-localization with amyloid fibrils detected using
amyloid OC antibody in murine esophageal tissues. Mice received 2-HOBA dissolved in
water (1 g/L) 2 weeks after surgery. Control mice received vehicle (water). Esophageal
tissues were collected after drug treatments for 10 days and analyzed for misfolding of

p53 protein. Co-localization of p53 and amyloid staining was observed in mice with reflux
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surgery. The staining was not found in mice treated with 2-HOBA. Inset: high magnification
image. Scale bar, 10 pm.

(C) Representative immunohistochemical staining of murine esophageal tissues with p53
(PAb 240) antibody. Insets show high magnification images. Graph shows the IHC scores
(sham control versus reflux mice, ***p < 0.001; reflux mice versus reflux mice treated with
2-HOBA, ***p < 0.001; Tukey’s multiple comparison). Mice with sham surgery were used
as a control. Scale bar, 10 pm.

(D) Representative images of p53 protein misfolding in the human esophagus. The human
esophageal tissues from healthy subjects, GERD and BE patients were analyzed using p53
(PAb 240) antibody. Misfolded p53 protein was observed in the esophagus of GERD and
BE patients, but not in normal (no GERD) esophageal epithelium (scale bar, 5 um). Graph
shows the immunofluorescence scores (normal versus GERD, *p < 0.01; normal versus BE,
*p <0.01).

(E) Graphical representation of p53 protein regulation by isoLGs. All results are expressed
as mean = SD.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-p53 (D0-1) Millipore Cat# OP43
Rabbit anti-acetyl-p53 (K382) Cell Signaling Technology Cat#2525
Rabbit anti-histone H2AX Cell Signaling Technology Cat#2595
Rabbit anti-phospho-histone H2AX (Ser139) Cell Signaling Technology Cat#9718

Rabbit anti-p53 antibody

Bethyl Laboratories Inc,

Cat#A300-247A

Mouse anti-p53 (pab240)

Abcam

Cat# AB26

Mouse anti-p53 (pab240)

Novus Biologicals

Cat# NB200-103

Rabbit anti-p73

Bethyl laboratories

Cat# A300-126A

Rabbit anti-amyloid OC fibrils Millipore Cat#AB2286
Mouse anti-B-actin Sigma-Aldrich Cat# A5441
Goat anti-mouse 1gG HRP Promega Cat# PAW4021
D-11 scFv antibody A gift from Dr. Raymond N/A
Mernaugh, Vanderbilt
University, USA
Rabbit anti- E:tag antibody Abcam Cat# AB3415
Bacterial and virus strains
H.pylori 7.13 A gift from Dr. Richard N/A
Peek, Vanderbilt University
Medical Center, USA
Biological samples
Human Tissue Department of Pathology, N/A
University of Miami, USA
Mouse samples University of Miami, USA N/A
Chemicals, peptides, and recombinant proteins
PI1/RNase staining buffer BD Biosciences Cat# 550825
Coomassie Brilliant Blue R-250 Biorad Cat# 1610400
NAC (N-acetylcysteine) Sigma-Aldrich Cat# A0737

TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperydine-1-
oxyl)

Enzo Lifesciences

Cat# ALX-430-081-G001

NS-398 Cayman Chemical Cat#70590
2-HOBA Cayman Chemical Cat#25357
Critical commercial assays

p53 human immunocapture kit Abcam Cat# AB154470
RNeasy Mini Kit QIAGEN Inc Cat#74134
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368814
RT? Profiler PCR Array, Human p53 signaling pathway QIAGEN Inc Cat# 330231
Magna ChIP A/G kit Millipore Cat# 17-10085

Subcellular Protein Fractionation Kit

ThermoFisher Scientific

Cat#78840

Proteostat Protein Aggregation Assay Kit

Enzo Lifesciences

Cat#ENZ-51023-KP050
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Dual Luciferase Reporter Assay Kit

Promega

E1910

Deposited data

ChIP-Seq data

This manuscript

NCBI SRA (Sequence Read

Avrchive); PRINA912777 (https:/
dataview.ncbi.nIm.nih.gov/object/PRINA912777?
reviewer=6cnca4108s50d672ijo7001e36)

Experimental models: Cell lines

BAR-T (human Barrett’s epithelial cells)

A kind gift from Dr. Souza,
Baylor University Medical
Center, USA

N/A

CP-A (human Barrett’s epithelial cells)

ATCC (American Type
Culture Collection)

Cat#CRL-4027

EPC-2 (human normal epithelial cells)

A gift from Dr. Claudia
Andl, University of Central
Florida, USA

N/A

GES-1 (human normal gastric epithelial cells)

A kind gift from Dr. El-rifali,
University of Miami USA

N/A

SNU-1 (human gastric epithelial cancer cells)

ATCC (American Type
Culture Collection)

Cat# CRL-5971

Experimental models: Organisms/strains

129/sv mice University of Miami N/A
Oligonucleotides

HPRT Forward: 5"-TTGGAAAGGG Integrated DNA N/A
TGTTTATTCCTCA-3’ Reverse: 5'- Technologies (IDT)
TCCAGCAGGTCAGCAAAGAA-3’

p21 Forward: 5'-CTGGAGACTC Millipore Sigma N/A
TCAGGGTCGAAA-3’ Reverse: 5’ -GA

TTAGGGCTTCCTCTTGGAGAA-3’

PUMA Forward: 5'-ACGACCTCAA Integrated DNA N/A
CGCACAGTACG-3’ Reverse: 5'-TCC Technologies (IDT)
CATGATGAGATTGTACAGGAC-3’

5’-Biotinylated p21; 5-biotin-AG Vilgelm et al., N/A
CCTCCCTCCATCCCTAT-3 and 2010; Integrated DNA
5-CCCTTCCTCACCTGAAAACA-3’ Technologies (IDT)

5’-Biotinylated PUMA; 5’-biotin-CCC Vilgelm et al., N/A
AGTCAGTGTGTGTGTCC-3" and 2010; Integrated DNA
5-CCCCCGCGTGACGCTAC-3’ Technologies (IDT)

Non-specific probe,n/s, 5’ -biotin-TA Vilgelm et al., N/A
GCTGGGAAGCTGGGACTA-3” and 2010; Integrated DNA

5 -GGTTTCCTTGCCCTAAAAGG-3’ Technologies (IDT)

ChIP gPCR; p21 (5"-ACCTTTCA Vilgelm et al., 2010; N/A
CCATTCCCCTAC-3',5’-GCCC Millipore Sigma
AAGGACAAAATAGCCA-3’

ChIP gqPCR; PUMA (5'-TGTCCA Vilgelm et al., 2010; N/A

TGGTGTGGATTTGCG-3', 5"-AGAC
ACCGGGACAGTCGGACA-3’

Millipore Sigma

Human p53 siRNA

Santa Cruz Biotechnology

Cat#sc-29435

Software and algorithms

GeneGlobe Data Analysis Center provided by Qiagen QIAGEN Inc. https://geneglobe.qiagen.com/us/analyze
Inc.
Open Comet software Open Comet https://cometbio.org/

FCS express 7

De Novo software

https://denovosoftware.com/

Cell Rep. Author manuscript; available in PMC 2023 March 07.


https://dataview.ncbi.nlm.nih.gov/object/PRJNA912777?reviewer=6cnca4108s5od672ijo7001e36
https://dataview.ncbi.nlm.nih.gov/object/PRJNA912777?reviewer=6cnca4108s5od672ijo7001e36
https://dataview.ncbi.nlm.nih.gov/object/PRJNA912777?reviewer=6cnca4108s5od672ijo7001e36
https://geneglobe.qiagen.com/us/analyze
https://cometbio.org/
https://denovosoftware.com/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gokulan et al. Page 35
REAGENT or RESOURCE SOURCE IDENTIFIER
GraphPad Prism 8.0.0 GraphPad Software https://www.graphpad.com/
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